Purpose Iontophoretic mediated transdermal delivery of ferric pyrophosphate (FPP) in combination with microneedle pretreatment was investigated as a potential treatment for iron deficiency anemia (IDA). Methods In vitro transdermal delivery studies were performed using hairless rat skin and pharmacodynamic studies were performed in hairless anemic rat model. The hematological and biochemical parameters like hemoglobin, hematocrit and % serum transferrin were monitored in rats at healthy, anemic condition and post treatment. Micropores created by the microneedles were visualized in histological skin sections after staining with hemotoxylin and eosin. The recovery of micropores was investigated in vivo by measuring Transepidermal water loss (TEWL) at different time points. Results The passive, microneedle and iontophoresis mediated delivery did not lead to significant improvement in hematological and biochemical parameters in anemic rats, when used individually. When iontophoresis (0.15 mA/cm 2 for 4 hours) was combined with microneedle pretreatment (for 2 min), therapeutically adequate amount of FPP was delivered and there was significant recovery of rats from IDA. Conclusions Microneedle and iontophoresis mediated delivery of iron via transdermal route could be developed as a potential treatment for IDA. The transdermal controlled delivery of iron could become a potential, safe and effective alternative to parenteral iron therapy.
INTRODUCTION
Iron is an essential trace element for cell growth in human body (1) . Most of the body iron circulates as hemoglobin and functions as carrier of oxygen from lungs to tissues. Iron is also a part of many enzymes in the physiological system and involves in the cell proliferation and oxidationreduction reactions (2, 3) . Iron deficiency (ID) develops when body iron is not adequate to meet the physiological needs for growth and development. Iron deficiency anemia (IDA) is caused by dietary deprivation and/or poor absorption of iron or may occur due to chronic blood loss. An estimated 2 billion people are suffering from iron deficiency and IDA worldwide with the majority from developing countries (4, 5) . IDA can affect the length and quality of life in patients and can increase morbidity and mortality; more so in combination with other chronic conditions like renal failure.
IDA is the most common prevalent nutritional deficiency disease among children especially in premature or low birth weight babies and in menstruating, pregnant and lactating women. IDA is associated with growth retardation and cognitive development in children. IDA, if uncorrected leads to diminished work productivity and behavioral problems in adults (6, 7) . Iron is essential for normal development of the immune system and IDA can be aggravated by presence of infectious diseases and vice versa (8, 9) . Menstruating women lose 1-2.5 mg of iron per day on an average through menstrual blood loss. The demand for iron increases several folds in pregnant women to meet the requirements of red blood cell mass expansion and unidirectional transfer of iron from mother to developing fetus (10) . Delivering therapeutically adequate amounts of iron to treat IDA still remains a challenge due to the adverse effects associated with oral and parenteral iron preparations. Oral iron formulations are the choice for first line therapy to replenish body iron stores. But gastric intolerance and poor adherence of the oral therapy by some patients are the common disadvantages associated with it (11) . Moreover, oral iron supplements have limitations in IDA treatment because of the poor absorption of iron from gut especially in case of chronic intestinal bleeding. Intravenous bolus iron injection is indicated in such patients with intestinal malabsorption and they are also considered to be superior to replenish large quantities of iron where the ongoing iron losses exceed the absorptive capacity of oral iron. Intravenous bolus iron therapy is also associated with significant side effects like hypotension, arthralgias, and severe allergies and may cause anaphylactic reactions in case of iron overload (12) . Therefore, intravenous infusions are preferred over frequent bolus injections. However, intravenous infusion is invasive and associated with high treatment cost. Therefore, there exists an indispensable need for alternative routes of drug delivery for iron compounds and in this direction, transdermal delivery of iron was explored in the past using ferric pyrophosphate (FPP) as a model iron source (13) . Transdermal drug delivery was anticipated to be a safer alternative technique to deliver iron compounds because the slow and prolonged delivery of iron could minimize the chances of oversaturation of transferrin and iron overload significantly (14) . FPP (~log K stab 22.3), was found to be safe for administration as slow dialysate in maintenance hemodialysis patients (15) . Passive delivery of FPP was not successful due to poor permeation properties of FPP due to high molecular weight and hydrophilicity. Therefore, the feasibility of delivery of FPP via transdermal route using iontophoresis termed "Irontophoresis" was explored in the past. Earlier studies have demonstrated the relationship between the electrical dose and amount of FPP delivered by iontophoresis (13) . Further, in this direction the effect of microporation combined with iontophoresis was investigated as a potential mode of treatment for IDA.
MATERIALS AND METHODS

Chemicals
Soluble Ferric pyrophosphate was obtained from SigmaAldrich Inc (St. Louis, MO). Phosphate buffered saline (PBS, pH 7.4) premixed powder was obtained from EMD Chemicals (Gibbstown, NJ). Hydroxypropyl methyl cellulose (Methocel® E15 premium LV) was obtained from Dow chemical company (Midland, MI). Ferrover® iron was purchased from Hach Company (Loveland, OH). Serum iron and TIBC kit was procured from Cliniqa Corporation (San Marcos, CA). Lipid peroxidation assay kit (OXI-TEK TBARS assay) was obtained from Enzo Life Sciences (Farmingdale, NY). All other chemicals and solvents used were of pure grade obtained from Fischer Scientific (Fairway, NJ).
Experimental Animals and Preparation of Skin
Male hairless rats (Charles River, Wilmington, MA, USA) were used in both in vitro and in vivo experimental studies. The animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Mississippi (Protocol # 10-013). All the animals were of eight weeks old and weighing between 250-300 g at the time of arrival. The animals were housed in conventional cages and 12 hourday/ light cycles were maintained in the facility. For the preparation of rat skin, the animals were asphyxiated with CO 2 and the abdominal skin was excised, subcutaneous fat was removed and the obtained skin pieces were cleaned carefully with normal saline. The rat skin was used on the same day for all in vitro experiments.
Preparation of Hydroxypropyl methyl cellulose (HPMC) Gel Incorporated With FPP FPP solution was prepared by dissolving 50 mg of soluble FPP in 1 ml of distilled water and pH was adjusted to 5 using 1 N hydrochloric acid (HCl). HPMC (4% w/v) gel was prepared according to the standard protocol given by the polymer manufacturer; briefly by mixing the hot polymeric aqueous solution to the cold solution of FPP to give a final concentration of 50 mg/ml of drug in the gel.
Microneedles
AdminPen 600 stainless steel microneedles (nanoBioScience LLC. Alameda, CA) having an area of 1 cm 2 containing 187 microneedles with a needle height of 500 μm were used in all in vitro and in vivo studies.
General Experimental Set Up
Vertical Franz diffusion cell (PermeGear Inc., Hellertown, PA) set up was used to investigate the permeation of FPP across rat skin. The rat skin was sandwiched between the donor and receiver compartment of Franz diffusion cell in such a way that dermal side of skin was in contact with receiver compartment and stratum corneum was facing the donor compartment of the cell. The active diffusion area was 0.64 cm 2 . Electrical resistance across the skin was used to check the integrity of the barrier. For this set up, Ag/Agcl wires (Alfa-Aesar, Ward hill, MA) made in the form of circular rings and arranged at a distance of 2 mm from skin in both donor and receiver compartment. The donor and receiver compartments were filled with 0.5 ml and 5 ml of PBS having a pH of 7.4 and allowed to equilibrate for one hour. The AC electrical resistance of the skin (R s ) was measured by placing a load resistor R L (100 kΩ) in series with the skin as reported previously (16) . The voltage drop across the whole circuit (V 0 ) and across the skin (Vs) was measured using an electrical set up consisting of a wave form generator and a digital multimeter (Agilent Technologies, Santa Clara, CA). Skin resistance was measured by applying a voltage of 100 mV at 10 Hz in the electric setup. Skin pieces maintaining a resistance of ≥20 kΩ /cm 2 only were considered for permeation studies.
In Vitro Drug Permeation Studies
Passive Permeation
After measuring electrical resistance of the skin, the PBS in the donor compartment of the Franz diffusion cell was replaced with 0.5 ml of FPP aqueous solution (50 mg/ml, pH-5) and receiver compartment was filled with 5 ml of PBS adjusted to pH-5 using 1 N hydrochloric acid. During in vitro drug permeation studies, the temperature of receiver compartment was maintained at 37±1°C by water circulation. Permeation studies were carried out for 6 hours and 1 ml of sample was withdrawn from receiver compartment at every hour time point and replaced with fresh buffer solution. The amount of drug permeated was analyzed using Ferrover® iron reagent, using Lambda EZ201 UV spectrophotometer (Perkin Elmer, Waltham, MA) at 510 nm.
Iontophoretic Delivery
Cathodal iontophoresis was carried out using Phoresor® iontophoresis unit (Iomed, Salt Lake City, UT) at 0.3 mA/ cm 2 for 6 h. The electrodes made up of Ag/AgCl were connected with the lead clips from Phoresor® Unit. Donor chamber was filled with 0.5 ml of FPP aqueous solution and receiver with PBS adjusted to pH-5 using 1 N hydrochloric acid. One ml samples were collected at each hour interval and analyzed for FPP.
Drug Permeation Studies After Pretreatment with Microneedles
The rat skin was pretreated with microneedles for 2 min and the skin was mounted carefully on Franz diffusion cell and continued with either passive permeation studies or iontophoretic mediated drug delivery (0.3 mA/cm 2 ) as described in passive permeation and iontophoretic delivery sections respectively. Microneedles were inserted into the skin with the thumb, each time with uniform force by same individual to avoid variability in the depth of skin penetration.
Visualization of Micropores
The depth of penetration of microneedles was visualized by staining the histological section of the microneedle pretreated skin with hematoxylin and eosin. Freshly excised skin was microporated with the microneedles for 2 min. Small skin samples with micropores were fixed in optimum cutting temperature (OCT) medium (Tissue-Tek®) and frozen in dry ice bath and sectioned at 50 μm on a Leica 1800 cryostat. The obtained skin specimens were stained with hematoxylin and eosin stain and observed under high resolution light microscope (Axiolab, A1, Carl Zeiss, USA) at 10× magnification to visualize depth of penetration of microneedles into different layers of skin. Images were captured using a Carl Zeiss camera attached to the microscope.
In Vivo Studies
In vivo experimental studies were carried out in hairless rats. The rats were acclimated to the vivarium conditions for one week with regular standard diet. Blood samples were drawn from all animals by retro orbital bleeding and analyzed for hematological and biochemical parameters. Initially 200 μl of blood samples were collected in EDTA (ethylenediaminetetraacetic acid) coated Microvette® tubes (Sarstedt, Newton, NC) and 0.5 ml of blood was collected into 1.5 ml centrifuge tubes (Eppendorf, Hauppauge, NY) from all animals. The blood sample collected into EDTA tubes were analyzed for the hematologic parameters like hemoglobin (Hb), Red blood cell (RBC) count, Hematocrit (HCT), Mean corpuscular volume (MCV), Mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC) and red blood cell distribution width (RDWc) using VetScan HM2 hematology system (Abaxis Inc., Union City, CA) (Fig. 1) . Serum was separated from the blood samples collected into centrifuge tubes after centrifugation at 3000 rpm for 10 min and analyzed for biochemical parameters. The serum iron, total iron binding capacity of serum and % transferrin saturation (%TS) was calculated using serum iron and TIBC kit (Cliniqa Corporation, San Marcos, CA). Serum lipid peroxidation values were also calculated using OXI-TEK TBARS assay kit (Enzo Life Sciences Inc., Farmingdale, NY). The base line values for all of these parameters in the healthy animals were recorded.
Induction of Iron Deficiency Anemia
Rats were fed on custom made purified low iron diet having iron concentration as low as 2-6 ppm (Harlan laboratories, Madison, WI) till the end of study period. The composition of the diet was in accordance with AIN-76A guidelines with all vitamin and mineral mix except cellulose and iron in it. Rats were allowed free access to this diet and water all the time. The degree of iron deficiency was monitored by measuring the hematologic parameters (hemoglobin and hematocrit) of blood every week for 5 weeks. Induction of iron deficiency anemia was confirmed after five weeks by measuring all hematologic parameters and biochemical parameters.
In Vivo Delivery of FPP FPP treatment was initiated, after confirming that the rats were anemic. Rats were divided randomly into the following 6 groups (n06) and FPP was administered to animals in different groups as described below. All the in vivo transdermal studies were carried out on alternative days for 4 h under ketamine (80 mg/kg) and xylazine (10 mg/kg) anesthesia administered intraperitoneally. Transdermal patch having an area of 10 cm 2 was applied in all groups except group 6 as specified below. FPP was administered transdermally for 4 weeks in groups 2, 3, 4 and 5. Group 6 animals were administered with FPP intraperitoneally.
Group 1: Placebo Group. A placebo patch (HPMC gel patch with no FPP incorporated) was placed on the rats for 4 h.
Group 2: FPP-Passive Group. In case of passive delivery, a patch containing FPP-HPMC gel (500 mg) was applied on the back of rat. No current was applied and the FPP was allowed to permeate passively.
Group 3: Iontophoresis Group (IN).
For iontophoretic delivery, a custom made iontophoretic patch was prepared using an adhesive 3 M™ foam tape (3 M Drug Delivery Systems, St. Paul, MN) fitted with a snap type Ag/Agcl electrode. FPP-HPMC gel was loaded on to the patch and secured on the back of the rat's body and cathodal iontophoresis was applied at a current strength of 0.15 mA/cm 2 .
Group 4: Microneedle Group (MN). Rats were pretreated with microneedles for 2 min using 1 cm 2 array over a total area of 10 cm 2 . Precautions were taken to avoid overlapping of microporation by marking the already pretreated areas. FPP gel patch was applied immediately after pretreatment and permeation studies were initiated.
Group 5: Microneedle+Iontophoresis (MN+IN) Group. In the MN+IN group, rats were pretreated with microneedles for 2 min and cathodal iontophoresis was applied as described above after applying a custom made iontophoretic patch.
Group 6: Intraperitoneal (IP) Group. FPP was dissolved in normal saline to give a concentration of 10 mg/ml. Rats were administered with 0.11 ml of this solution via intraperitoneal route for 3 weeks. This group served a positive control for the study.
Blood samples were withdrawn intermittently and at the end of study period from all animals by retro orbital bleeding and all hematologic and biochemical parameters were analyzed.
Recovery of Micropores
In a different set of experiment, the TEWL was measured using Vapometer (Delfin Technologies, Kuopio, Finland) in vivo on hairless rat skin after pretreatment with microneedles to check the effect of microneedles on skin and the recovery of barrier property of skin. The TEWL of rat skin before and after pretreatment with microneedles was measured at different time points.
Red Blood Cell Morphology
Visualization of RBC under high resolution microscopy was performed to study the morphology of RBC of healthy, anemic and treated animals in all groups. Briefly, peripheral blood smear was prepared by wedge slide method using a drop of venous blood collected from healthy, anemic and treated animals. The dried smears were stained with Wright-Giemsa stain and the red cells were visualized under high resolution light microscope (Axiolab A1, Carl Zeiss, USA) at 100× magnification using oil immersion technique. Images were captured using Carl Zeiss camera attached to the microscope.
Statistical Analysis
GraphPad InStat 3 software was used for statistical analysis. Unpaired t-test was used to determine the level of significance for correlations between parameters at healthy and anemic conditions and between anemic condition and post treatment condition in all groups. A significance level of p< 0.05 was considered as statistically significant.
RESULTS AND DISCUSSION
In Vitro Transdermal Delivery of FPP
The in vitro transdermal passive flux of FPP across hairless rat skin was 1.16±0.16 μg/cm 2 /h. Soluble FPP is hydrophilic in nature and has a molecular weight of 745 Da, which are likely the reasons for poor passive permeation of FPP. The ability of chemical permeation enhancers as well as the electrical techniques on the transdermal permeation of FPP was assessed in the past (13, 17) . These studies suggested that the transdermal delivery of FPP by iontophoresis could be significantly enhanced when the stratum corneum barrier is compromised. Based on previous observations, the present study was planned to investigate the effect of microporation on the passive and iontophoretic delivery of FPP across the skin. The in vitro transdermal transport profile of FPP across rat skin by different modes of delivery is shown in Fig. 2 .
Successful transdermal delivery of certain hydrophilic compounds and high molecular weight peptide drugs using combination of microneedle pretreatment with iontophoresis has been demonstrated by various groups (18, 19) . Both iontophoresis and microneedle treatment are active transdermal drug delivery techniques that enable drugs to permeate across the skin. Iontophoresis utilizes low density electric current to drive charged drugs across the skin. Microneedles create micropores in the startum corneum of the skin and allow drugs to permeate into deeper layers (20) . The microneedles used in this study were able to penetrate down to an average depth of 70±10 μm into the skin. The micropores created by microneedles were visualized in the skin sections stained with hematoxylin and eosin which is shown in Fig. 3 . The picture clearly indicated that the microneedles penetrated only through the upper layers of the epidermis. The in vitro flux of FPP after microneedle (MN) pretreatment alone was 12.36±0.16 μg/cm 2 /h and after iontophoresis (IN) alone was 8.04 ± 0.24 μg/cm 2 / h which are~11 fold and~8 fold enhancements compared to the passive flux of FPP respectively. These results from the present iontophoretic drug delivery studies were in accordance with the past results obtained by Murthy et al. (13) . In case of combination of microneedle pretreatment along with cathodal iontophoresis (MN+IN), there was~44 fold enhancement in the flux (51.24±7.55 μg/cm 2 /h) over passive permeation. In a separate set of studies, in vitro permeation studies of FPP from HPMC gel across rat skin were performed with MN+IN treatment and the resulting flux was almost the same (~50.45±5.62 μg/cm 2 /h) as with FPP solution. At this flux, a cumulative dose of~0.3 mg of FPP would be delivered in six hours. Therefore, in case of in vivo studies, cathodal iontophoresis was applied using a current strength of 0.15 mA/cm 2 for 4 h after pretreatment with microneedles on alternative days to deliver the required dose of FPP (1.1 mg of FPP≈0.12 mg of elemental iron).
In Vivo Studies
Recovery of Micropores
In the present study, the duration for the recovery of micropore created with microneedles was investigated by measuring TEWL. Immediately following pretreatment with microneedles, there was an increase in TEWL of skin from 13.6±1.42 g/m 2 .h to 28.75±2.68 g/m 2 .h owing to micropore formation and the values returned to normal (14.1± 2.22 g/m 2 .h) within 8-12 h (Fig. 4) . This study suggests that the skin barrier remains in the compromised state through at least 8 h even in unoccluded condition. On the other hand, the recovery of skin barrier is almost complete within 8-12 h after removal of the patch/device. One should recall here that earlier studies have clearly shown that the pores reseal relatively faster in case of non-occluded condition than when occluded (21, 22) .
Induction of Anemia and Diagnosis
Various conventional laboratory tests are available for successful diagnosis of iron deficiency anemia. In the present work, hematologic and biochemical parameters were assessed to confirm the induction of anemia and recovery following transdermal FPP treatment. The custom made purified low iron diet contains only trace quantities of iron (~4 ppm). After five weeks on this diet, there was a significant difference in the hematological parameters of the animals compared to basal values indicating induction of anemia. There was decrease in hemoglobin concentration and MCV along with other red blood indices. The serum iron and % transferrin saturation also decreased, whereas the TIBC values increased in anemic condition. The observed hematological parameters and biochemical parameters in healthy and anemic rats are shown in Table I .
Measurement of hemoglobin concentration and hematocrit are considered to be most appropriate indicators of IDA. Even the most common definitions of anemia by WHO and CDC are based on the levels of hemoglobin. The mean basal hemoglobin value of the rats at healthy state was 14.31± 2.47 g/dl, decreased to 10.58±1.61 g/dl (p00.01) at anemic condition and the mean % hematocrit value decreased from 41.35±8.33% to 32.4±3.72% (p00.03). A decrease in hemoglobin level implies the decrease in amount of functional iron that is circulating in the blood. Hematocrit indicates the proportion of whole blood occupied by the red blood cells and depends on the hemoglobin concentration in red blood cells (23) . MCV is the average volume of a single red blood cell and it serves as an important diagnostic tool in the differential diagnosis of anemia. Anemia is classified as macrocytic (increased MCV), normocytic (normal MCV) or microcytic (decreased MCV) on the basis of MCV. Iron deficiency usually associated with microcytic anemia and decrease in MCV is one of the specific indicators for iron-deficiency anemia (23) . There was a difference in mean MCV about 14.15±0.74 fl from healthy to anemic state, in the rats. There was a reduction in mean RBC count from 8.4±0.83×10 12 /l to 6.61± Fig. 3 Histological section of skin treated with microneedles and stained with hematoxylin and eosin stain shown at 10× magnification. The epidermis and dermal layers were shown clearly in this picture. Fig. 4 The In vivo TEWL measurements after microporation at different time points. The unfilled bar (□) represents the TEWL of intact skin before microporation. The data points represented are the average of n06 ±S.D.
0.75×10
12 /l (p00.002). Red blood cells play a crucial role in the support of tissue metabolism and enough RBC must be available to maintain tissue oxygenation and sustain a normal acid-base balance in the system (24) . MCH and MCHC values indicate the average amount and concentration of hemoglobin in red blood cells. MCHC is also an important parameter that gives information about cellular hydration status and the values usually decrease in IDA (hypochromia). There was a 7.16±0.35 pg difference in the mean MCH and 6.61±0.6 g/dl in the mean MCHC between healthy and anemic conditions in rats. The RDWc measures the variation in red blood cell size and the mean values at healthy condition were 16.71±2.22%, increased to 28.33±2.73% at anemic condition (p<0.0001), which might be due to the production of increased number of smaller RBCs due to iron deficiency. The increase in RDWc along with decrease in MCV is a precise diagnostic characteristic of iron deficiency anemia (24) . In this study a peripheral smear with microcytic and hypochromic erythrocytes shown in Fig. 5b clearly confirms this aspect.
The serum iron concentration values decreased from 179.53±15.84 μg/dl to 83.46±17.02 μg/dl (p<0.0001) and TIBC values increased from 374.86±56.33 μg/dl to 483.84±57.91 μg/dl (p00.008) after feeding the rats with custom made low iron diet. Serum iron concentration is a measure of the total amount of iron in the serum bound to transferrin. Transferrin is an iron transport protein, which carry iron to the bone marrow. Measurement of serum iron concentration alone might not be a useful indicator in the diagnosis of IDA because of its low sensitivity. Moreover, many factors could affect the serum iron concentration such as a meal, presence of infections or inflammations and existence of diurnal variations. TIBC measures the total amount of iron needed to saturate serum transferrin. %TS is a ratio of serum iron concentration and TIBC. TIBC and transferrin saturation (% TS) reflects the extent of vacant iron-binding sites on transferrin. In the present experiment, the mean %TS value in rats at healthy state was 46.28± 7.04, which decreased to 16.59±2.11 (p<0.001) in anemic condition. Oxidative stress arises due to an imbalance between the formation and neutralization of pro oxidants which in turn leads to lipid peroxidation. Previously some researchers reported higher lipid peroxide levels in anemic condition. On the other hand, there are some conflicting reports as well which showed lower or unchanged lipid peroxide levels in anemic condition (25) (26) (27) (28) . In the present study, the lipid peroxide level in anemic and treated animals were determined using an in vitro diagnostic kit, which measures the increase in thiobarbituric acid reactive substances (TBARS) due to oxidative stress. In this test TBARS are expressed in terms of malondialdehyde (MDA) equivalents and the mean concentration of MDA in blood was 8.58 ± 1.72 nmol/ml at healthy condition. There was a significant improvement (p00.0068) in MDA concentration to 14.51±3.92 nmol/ml at anemic condition, which agrees with reports that explain the generation of lipid peroxides in case of IDA. According to numerous scientific reports, various physiological mechanisms might be responsible for the development of oxidative stress and lipid peroxidation in anemic animal models (29) (30) (31) . The main reason for this observation was speculated to be due to accumulation of free copper in liver cells or increase in the triglycerides concentration and increased fragility of mitochondrial membranes (28, 32) . Balagopalakrishna et al. (33) and Nagababu et al. (34) demonstrated that the increase in oxidative stress of RBC might be due to decrease in the oxygenation of hemoglobin and resultant increase in auto oxidation of hemoglobin, which further causes the generation of methemoglobin and superoxides.
Transdermal Delivery of FPP In Vivo
The anemic rats were segregated into different groups based on the mode of delivery and the FPP was administered for four weeks. The hemoglobin and hematocrit were measured intermittently during the treatment to assess the improvement. There was no significant improvement in the hematologic parameters in case of placebo group and passive treatment groups (group 1 and 2 respectively). Rats in both of these groups had rather turned more anemic likely because of negligible iron supplementation. Inevitably, the treatment was terminated after two weeks in case of group 1 and 2. In vitro, cathodal iontophoresis and microneedles were found to enhance the delivery of FPP considerably. However, in vivo, there was no significant improvement in hematologic parameters (Table II) or morphology of RBC in groups 3 and 4 ( Fig. 5c, d ), again indicating that the amount of FPP delivered in these groups was sub therapeutic. The amount of iron required to restore the levels in IDA was calculated by different investigators using different approaches based on the body weight and hemoglobin deficit. Various mathematical relationships were derived based on the required hemoglobin to replenish for oral and parenteral formulations (1, 35) . In the case of oral iron formulations the daily required dose was calculated based on the amount of elemental iron present in these formulations. According to CDC guidelines, an iron dosage containing 60 mg of elemental iron, one to two times a day for adults with anemia is recommended assuming that at least about 10% will be absorbed orally. For rats weighing~250-300 gm, an oral dose of about 0.3 mg elemental iron a day is required. In the current study, we targeted to deliver a cumulative amount of 0.12 mg of elemental iron on alternate days (about~60 μg on daily basis), using 10 cm 2 iontophoretic patch and a current strength of 0.15 mA/ cm 2 for 4 h transdermally. Murthy et al. (13) have demonstrated an excellent correlation between total electrical dose and the amount of FPP delivered across skin. The FPP used in this study contains~11.7% elemental iron. The combination of microneedle pretreatment along with iontophoresis resulted in significant improvement in the hematologic and biochemical parameters within four weeks. There was an improvement in the mean hemoglobin concentration bỹ 2.5 g/dl from anemic condition to post treatment. It has been reported that, a successful iron replenishment therapy would result in improving hemoglobin concentration to 1-2 gm % in 2-3 weeks. Here, in rats that received iron via iontophoresis after microneedle pretreatment (group 5), the mean RBC count increased from 6.61±0.75×10
12 /l (in anemic condition) to 7.72 ±0.5 × 10 12 /l (p 00.013) after treatment, indicating that the delivered iron was sufficient to meet the requirements for regeneration of red cells. The mean hematocrit values also increased from 32.4±3.72% to 40.18±4.24% (p00.0068) after treatment. Similarly, significant improvement in MCV, MCH and MCHC was observed after four weeks of treatment in this group. A decrease in the RDWc was also observed after treatment indicating a significant reduction in the abnormal size and shaped RBCs owing to transdermal delivery of FPP in group 5 (Fig. 5e) . The serum iron concentration and % TS and TIBC values in the treated rats in group 5 provided validity to the fact that adequate amount of iron was delivered when iontophoresis was combined with microneedle pretreatment. The difference in lipid peroxidation after treatment was not significantly different from that of anemic condition in the same rats, indicating that FPP is not likely to increase the oxidative stress.
Intraperitoneal Delivery of FPP
FPP was administered intraperitoneally to rats for 2 weeks (positive control). There was a significant improvement in all hematological and biochemical parameters in these animals at end of treatment period. The improvement in the morphology of RBC in this group of animals is evident in Fig. 5f . CONCLUSIONS FPP can be delivered via transdermal route using iontophoresis in combination with microneedle pretreatment. The results of the study suggest that microneedle and iontophoresis mediated delivery of iron via transdermal route could be developed as a potential treatment for IDA. The transdermal controlled delivery of iron could become a potential, safe and effective alternative to parenteral iron therapy.
